Nutrients may be eliminated from ice when liquid water is freezing, resulting in enhanced concentrations in the unfrozen water. The nutrients diluted from the ice may contribute to accumulated concentrations in sediment during winter and an increased risk of algae blooms during the following spring and summer. The objective of this study was to evaluate the influence of ice cover on nitrogen (N) and phosphorus (P) concentrations in the water and sediment of a shallow lake, through an examination of Ulansuhai Lake, northern China, from the period of open water to ice season in 2011-2013. The N and P concentrations were between two and five times higher, and between two and eight times higher, than in unfrozen lakes, respectively. As the ice thickness grew, contents of total N and total P showed C-shaped profiles in the ice, and were lower in the middle layer and higher in the bottom and surface layers. Most of the nutrients were released from the ice to liquid water. The results confirm that ice can cause the nutrient concentrations in water and sediment during winter to increase dramatically, thereby significantly impacting on processes in the water environment of shallow lakes.
INTRODUCTION
Phosphorus (P) and nitrogen (N) are the most common limiting nutrients that govern the growth rates of plants in aquatic ecosystems (Scheffer ) . Nutrient concentrations that exceed the metabolic capability of aquatic ecosystems can result in eutrophication, which sometimes leads to algal blooms (Brönmark & Hansson ) . Researchers and government officials alike are concerned about excessive inputs of P and N from industrial point sources and agricultural non-point sources and their subsequent distributions through sediment-water systems (Carpenter et al. ; Smith et al. ; Schwab et al. ) . To add to current concerns, it is now thought that nutrients may be redistributed from ice to bottom water when lake water is frozen.
In polar and northern cold inland areas, ice-covered lakes are an important part of the global and regional cryosphere. Ice from freshwater is an important modifier of numerous biological, chemical, and hydrological processes (Prowse ) . When ice grows from a dilute salt solution, most of the impurities are eliminated from the ice. The electrical conductivity is dominated by freeze-thaw effects that concentrate or dilute the water under a glacier and the resulting high nutrient concentrations become a potential stress for aquatic plants during the following summer (Fountain et al. ) . Field simulations have shown that approximately 80% of total dissolved solids may be eliminated from ice to water during the period of ice growth (Zhang et al. ) . Seasonal ice cover not only reduces the liquid water volume of the whole lake and accelerates the nutrient concentrations therein, but also can increase the risk of algal blooms (Pennak ) . From their investigation of changes in the nutrient conditions in Lake Washington, Edmondson () found that the maximum P concentrations occurred in winter, and also that a major proportion of the supply of available P to be used by phytoplankton the following summer formed during winter.
Dissolved oxygen (DO) is continuously consumed beneath the ice cover in lakes and is not renewed for five to 7 months because of the thick ice cover. The light intensity and water temperature are the main influences on the photosynthesis rate and aquatic plant production (Golosov et al. ) . As an example, Donghu Lake and Chaohu Lake have one common characteristic, in that their chlorophyll-a contents and nutrient consumption are lower in winter than in the other seasons (Lei et al. ; Deng et al. ) . Photosynthesis decreases or even stops because of the low levels or lack of solar radiation beneath the ice (e. g. Golosov et al. ; Kirillin et al. ) . That may lead to oxygen depletion, and there is a high risk that shallow lakes may become anaerobic and there may be fish kills in late winter (Pennak ) .
Under hypoxic conditions and low biological activity in winter, organic matter and mineral particles are deposited onto the lake bottom by a variety of physical and biochemical processes, such as precipitation, adsorption, and biological uptake (Boström et al. ) . In eutrophic lakes, sediment is both a source and a sink of nutrients during the period of ice cover. It has been reported that, when exogenous pollution to eutrophic lakes has been controlled, sediment, as an endogenous source, will release nutrients to the overlying water and will act as an important internal source to maintain the nutrient status (Zhao et al. ) . The formation of ice cover could drive nutrient migration from the water into sediment. It is therefore important to analyze the nutrient distributions in an ice-water-sediment (IWS) system, as such studies may produce important information about the evolution of a lake's nutrient status that could be used to develop management plans to protect icecovered lakes.
There are numerous lakes in cold regions of China, such as those on the Mongolian-Xinjiang Plateau, the Northeast Plain and Mountains, and the Qinghai-Tibet Plateau. Large quantities of agricultural, industrial, and domestic wastewater are discharged into the lakes, causing serious contamination and threatening their aquatic ecosystems (Jiang ) . The water environment of Ulansuhai Lake is the cause of widespread concern, and, in an attempt to gain an improved understanding of the lake, has been the topic of major research projects in recent years. Most of these studies, however, have been carried out during the ice-free period, and studies of the nutrient distributions during the ice season are still in their initial stages. The ice season can last for as long as 4 or 5 months, from November to April each year, during which the ice may reach a maximum thickness of about 70 cm (Zhang et al. ) . The contamination characteristics in the lake therefore can differ considerably between the ice and open water periods (Wu & Qian ) . In the present study, using Ulansuhai Lake as the study area, we examined the water and sediment quality in each season of the year, including the winter icecovered period. This study is an attempt to improve our understanding of the potential ecological risks from nutrients in shallow lakes that freeze during winter, and we hope that the results can be used to support water treatment efforts in Ulansuhai Lake.
MATERIAL AND METHODS

Research area
Ulansuhai Lake (40 W 36 0 -41 W 03 0 N, 108 W 43 0 -108 W 57 0 E), is on the Inner Mongolian Plateau, in the interior of Inner Mongolia, China. It is representative of grass field shallow lakes that are commonly found in cold regions ( Figure 1 ). Agricultural drainage is first discharged via three branch channels (the Huangji, Yongji, and Fengji channels). It is then collected by secondary drains (the second, third, and seventh secondary drains), and then it finally flows into the main channel. All the drainage water is then pumped into Ulansuhai Lake. Water flows back into the Yellow River from the southern part of the lake. As one of the largest lakes in desert and semi-desert arid regions at similar latitudes, it plays an important role in the conservation, storage, and transfer of water to the Yellow River. The lake is also very rich in biodiversity and needs protection (Ren et al. ) . Because of the large discharges of agricultural runoff from irrigated areas, industrial wastewater and domestic sewage to the lake, the fragile lake ecosystem suffers from serious pollution problems. The stress from the intense pollution and the lake's weak self-purification capacity mean that the environmental degradation of Lake Ulansuhai is increasingly serious, to the point that there is widespread concern about its condition. Ulansuhai Lake is in a temperate and continental semiarid climatic zone, where the mean annual temperature from 1956 to 2006 was 5.8 W C. The mean January and July temperatures over this period were À15 and 24 W C, respectively, and the minimum and maximum temperatures were À41 and 38.2 W C, respectively. The annual rainfall of approximately 215 mm is mainly concentrated in the months from June to September. The annual mean wind-speed was about 3.0 m/s, annual evaporation was 2,000 mm, and the average relative humidity was 48%. The dry winter means that the snow cover is very thin, and consequently the seasonal frozen ground is thick (the maximum ice depth reached between 1956 and 2006 was 1.45 m). Furthermore, no snow-ice forms and the ice cover is highly transparent. As a shallow lake, Ulansuhai freezes over in a short time, and therefore the primary ice layer may only contain frazil ice. The secondary ice layer consists of congelation ice, in which the crystal size increases with depth. The maximum thickness during the long cold seasons can be as much as two-thirds of the depth of lake water (2 m). Ulansuhai Lake in summer and winter is shown in Figure 2 . It has recently become clear that, because of the long icebound seasons, changes in the nutrient distribution in this shallow lake cannot be ignored in studies of the lake environment.
Field sampling
The mechanical sampling method described by Jin & Tu () in the Regulations for Investigations of Eutrophication of Lakes was followed when collecting samples. A mesh, 2 × 2 km, was created with ArcGIS, and 21 sampling points were selected at the intersections of the squares (Figure 3 , left). Water samples were collected at depths of 0.3 and 0.6 m below the water surface in summer and 0.6 m beneath the ice in winter. Samples were sealed in bottles as soon as possible after sampling, and were stored at less than 4 W C. Two ice cores were collected at each sampling point. The ice cores had a diameter of 9 cm and their length depended on the ice thickness at each sampling point. Ice samples were labeled and stored in an icebox. Each core was divided into three layers, namely the top, middle, and bottom, and melted completely at less than 4 W C in the laboratory. The melt water was treated in the same way as the normal water samples. Cylindrical sediment samples, 30 cm long and with diameters of 9 cm, were collected. The sediment cores were divided into three 10-cm layers. The samples were then marked and sealed in plastic bags and stored at less than 4 W C. Water, sediment, and ice samples were collected monthly and transported to the laboratory for physical and chemical analyses. 
Laboratory analysis and data processing
Total phosphorus (TP) and total nitrogen (TN) concentrations were determined on the water samples (liquid water and ice melt water) following the methods outlined in the Chinese Standard Methods for Water Quality Analysis (GB-) and described by Li & Han () . Briefly, TP and TN were determined after digestion with potassium sulfate. The sediment samples were freeze dried and homogenized before analysis. Concentrations of TN and TP were measured using the national standard analysis methods for soil (GB- ).
RESULTS AND DISCUSSION
Ice distribution characteristics
The ice thickness varied spatially and ranged from 30 to 55 cm ( Figure 3) . A maximum thickness (55 cm) was found at the center of the lake, from where the thickness decreased towards the northeast and southwest along the main axis of the lake. The ice was thinnest in the southwestern part of the lake. The variations in the ice thickness were surprising, considering that the weather conditions across the entire lake were approximately the same, and most likely reflect heat fluxes to the bottom of the ice, either from inflowing streams or the bottom sediment. The water currents were weak and stable in the central area, and the heat flux from the water to ice was minimal at this point.
The lake received inflows from several canals, as shown in Figure 1 . The inflows from these canals were relatively fast in the northwest, and, consequently, may have supplied the heat flux for the thinner ice in that area. As shown in Figure 3 , the ice samples had a diameter of 9 cm. The hardness decreased as the porosity increased, especially in the top 3-5 cm layer and bottom 5-8 cm layer. There were also thin layers of gas bubbles in the cores. Examination of the entire samples showed that the ice cores and crystals comprised clear and translucent congelation ice.
Total P and TN concentrations were determined in the laboratory. Vertically, TP and TN concentrations in the ice exhibited a C-shape with the minimum concentration in the middle section (TN ¼ 0.16 mg/L; TP ¼ 0.38 mg/L) and maximum concentrations at the top (TN ¼ 0.18 mg/L; TP ¼ 0.90 mg/L) and bottom (TN ¼ 0.21 mg/L; TP ¼ 0.53 mg/L) ( Figure 4 ).
Seasonal characteristics of nutrients in water
The oxygen saturation is inversely related to the temperature and water depth, and decreases as the salinity increases (Leppäranta et al. a, b) . DO under the ice cover can indicate the production status of the water body. Some researchers have found that shallow lakes, especially at the water-sediment interface at the bottom, characteristically show oxygen depletion during the ice-covered period (e.g. Catalan et al. ; Golosov et al. ) . DO concentrations in Lake Opinicon (a shallow lake) were at saturation point at the ice-water interface but approached anoxic levels at the lake bottom (Agbeti & Smol ) . There is a limited volume of liquid water with relatively high salinity (total dissolved solids was between 1,050 and 2,270 mg/L in the summer and between 2,430 and 5,230 mg/L in winter) between the ice and sediments in most parts of Ulansuhai Lake. As shown in Figure 5 , DO decreases as the water depth increases. The DO content was below 1 mg/L for 40% of the sampling points and 30% of the total sampling points were anoxic. The clinograde oxygen curve can be an indicator of lake eutrophication during the winter time (Pennak ) .
Over the annual cycle, there were obvious seasonal variations in TN and TP concentrations in the water layer (Table 1) . Concentrations of TN and TP were significantly higher in winter than in the other seasons. Minimum concentrations occurred in summer. Total P concentrations varied widely over the course of the year and ranged from 0.05 mg/L in summer to 0.6 mg/L in winter, while TN concentrations were about 2 mg/L in summer and increased to 9 mg/L in winter. The ratio between the open water and the ice season was between 5 and 10 for these nutrient concentrations. An ice thickness of approximately 50% of the water depth means that the nutrient concentrations in the liquid water body doubled during the ice-free season. When their concentrations are low, as in this study, most of the dissolved or suspended materials are rejected by the growing ice and remain in the liquid water (Leppäranta et al. ; a, b) . The elimination rate depends on the impurity concentrations, freezing rate, and, because different types of dissolved salts change the electronegativity of the elements, the orientation of the ice-water interface relative to the growth direction (Pruppacher et al. ; Fang et al. ) . The observed factor was higher because of high nutrient consumption in the ice-free season. The coefficient of variation for TP was close to 1 throughout the year, while that for TN was much larger in summer than in the other seasons (Table 1) .
As in other grass field shallow lakes in cold and arid regions, aquatic organisms and emergent aquatic plants are abundant in Ulansuhai Lake and grow vigorously during summer, consuming large quantities of nutrients from the lake water. The TN concentration threshold between eutrophic and hypereutrophic for lakes is about 0.1 mg/L. During the ice season (from October 2011 to January 2012), the water volume is considerably less than, and is only about 17.5% of the autumn volume because of the reduction in runoff from the Hetao irrigation system. In winter, the ice thickness ranges from 30 to 60 cm and can cover a large part of the lake area. Every year, the lake is isolated from the atmosphere for about 4 or 5 months, with almost no atmospheric forcing. In addition to weak water currents and low temperatures beneath the ice, the capacity for microbial decomposition and plant absorption diminish, nutrients accumulate, and the water quality deteriorates.
The kriging interpolation method (Cressie ) in ArcGis was used to derive the spatial distribution of nutrients in Ulansuhai Lake from the sampling grid ( Figures 6 and 7) . The horizontal distributions of TN and TP varied with water depth, velocity, and vegetation density. In general, nutrients tended to decrease gradually from northwest to southeast. The trends were similar in winter and the open water season, and, interestingly, the seasonal difference among the TP concentrations was greatest between the autumn and winter. The behaviors of TN and TP were similar, but TN concentrations showed less consistency, especially in autumn, most likely because of variations in the spatial distribution of primary production. In general, the distribution and migration of TP and TN concentrations were similar during the open season and the period of ice cover. Concentrations were high in the northwest (sites I12, J11 and J13) and east (M14 and P11), and were low near the dense reed region in the northern part (L11), the center of the lake (M12), and in the areas of dense aquatic plants in the south (Q8 and Q10). Total N and TP tended to decrease from north to south. Agriculture and the distribution of industries around the lake were the main influences on the distribution of nutrients. Large quantities of return irrigation water from farmland were discharged from the main canal in the northwest during the open season. In winter time, submerged macrophytes wilted and photosynthesis of algae reduced by the limited supplies of oxygen and liquid water, which exacerbated nutrient accumulation between the ice and sediment layers.
Before the ice formed (October 2011), the TN and TP concentrations were 2.634 and 0.306 mg/L, respectively. By the time the lake was completely covered with ice in January 2012, the TN and TP concentrations beneath the ice had increased to 3.589 and 0.942 mg/L, respectively. This indicates that large quantities of nutrients were released from the ice layer during the freezing process. These numbers are spatially weighted averages; the inverse distance method (Cressie ) was used to calculate the area influenced by each measurement point and the associated water and ice volumes.
The capacity and ice volume of Ulansuhai Lake were calculated in ArcGIS from data of the bottom elevation and ice thickness. The total ice volume was estimated as 0.64 × 10 8 m 3 , and the lake capacity was 2.09 × 10 8 m 3 . In winter, therefore, the liquid water volume was 1.45 × 10 8 m 3 , and about 30.5% of the lake was in the solid phase. Total N and TP concentrations in the water under the ice were two to five times higher, and two to eight times higher, respectively, than during the ice-free season.
Seasonal variations in nutrients in sediment
The TN concentrations of the surface sediment (0-5 cm deep) across the whole lake were between 0.931 and 3.228 g/kg (Figure 8) , with an average of 1.654 g/kg. The minimum and maximum concentrations occurred in winter and spring, respectively. The TP concentrations ranged from 0.12 to 1.18 g/kg, with an average of 0.57 g/kg, and the minimum and maximum concentrations occurred in autumn and spring, respectively. The average concentrations of TN and TP in the water body were 4.15 and 0.27 mg/L, respectively. The annual cycles illustrate the release and uptake of nutrients in the different seasons. Phosphorus is consumed through the entire open water season while N is consumed to a lesser degree in summer and in the transition from autumn to winter.
DISCUSSION
We investigated seasonal distributions of nutrients (P and N) in a multimedia environment by combining information about ice, water, and sediment in Ulansuhai Lake, Inner Mongolia. Seasonal data relate to May (spring), August (summer), October (autumn), and February (winter). The results show that nutrients were enriched beneath the ice cover in the winter because of the ice growth, and were consumed via primary production in the open water period. 
C-shaped distribution and ice segregation coefficient
To standardize the different lengths of the ice cores, the depth scale was scaled by the ice thickness. The vertical concentrations of TN and TP in the ice cores ( Figure 9 ) increased with depth. The concentrations showed either a C-shape, with higher concentrations at the top and bottom than in the middle layer, or an I-shape, with no obvious vertical variation in concentrations along the ice core. The C-shape was best defined for the TN concentrations, and was weakly defined for nitratenitrogen. In contrast, TP and ammonium-nitrogen concentrations were closer to the I-shape. A few cores showed no clear vertical structure, and resembled the Ishape structure. The salinity of sea ice commonly exhibits a C-shape structure during the growth phase (e.g. Eicken & Lange ), because of the higher capture of brine at higher ice growth rates and brine advection inside the ice. The I-shape indicates that the differences resulting from variable ice growth rates may be smoothed by advection.
Normally, the lake ice-cover comprises two types of crystal (Leppäranta et al. a, b) , namely finegrained snow-ice and columnar-grained congelation ice. The congelation ice is typically much cleaner than the water from which it forms, while snow-ice may contain impurities from the lake water and the parent slush. In Ulansuhai Lake, the ice season lasted from November to April, and the ice thickness reached a maximum of about 70 cm. Considering the ice structure being simple congelation ice, the ice thickness variations were remarkable down to 30 cm. The reduced ice thickness was caused by the heat flux from the water and sediments to the base of the ice. The impurity concentrations in the water were still sufficiently low that they were effectively rejected when the congelation ice was growing, and therefore the ice samples were quite clean while the water under the ice cover was strongly enriched.
In general, the density of the gas bubbles and the ice crystal size are positively and negatively correlated with impurity concentrations in water, respectively. To describe the impurity capture and rejection process, a segregation coefficient k can be defined as:
where C is the concentration of the substance of concern. For dissolved salts, k ranges from 0.25 to 0.5 in brackish or saline water, but for salinity values of less than 1 mg/L, the value of k is about 0.1 (Weeks & Ackley ; Leppäranta et al. ) . The range is larger for suspended matter because of the properties of the particles. For this study, the total representative segregation coefficient was around 0.1.
Nutrient enrichment in liquid water
The total lake volume and total ice volume were estimated at about 2.09 × 10 8 and 0.64 × 10 8 m 3 , respectively. The liquid water volume was about 1.45 × 10 8 m 3 , and frozen water accounted for up to 30.5% of the total volume. Before the ice formed in October 2011, the average TN and TP concentrations were 2.634 and 0.306 mg/L, respectively. In the ice seasons, TN and TP concentrations in the ice were 1.006 and 0.163 mg/L, respectively, and were as much as 3.589 and 0.942 mg/L, respectively, in the liquid. The mass of nutrients can be calculated using the following equation derived from the density
where M 0 is the initial mass (mg) of nutrients; C 0 w is the initial nutrient concentration (mg/L); and V 0 w is the initial volume (L) of water. In the ice season, the equation becomes:
where M k is the total mass of nutrients; C k w V k w is the mass of nutrients in the water layer; and C k i V k i is the mass of nutrients in the ice layer.
The TN and TP concentrations increased by up to 11% (from 3.589 to 3.993 mg/L) and 13% (from 0.942 to 1.064 mg/L), respectively, when the ice volume ratio was 40%. When the ice volume ratio was 60%, the TN and TP concentrations showed increases of 53% (from 3.589 to 5.486 mg/L) and 61% (from 0.942 to 1.541 mg/L), respectively (Table 2) .
These calculations indicate that the growth and formation of ice impact greatly on the nutrient status of the lake body. Nutrient concentrations during the ice cover period, regardless of whether the lake is deep or shallow, are close to the maximum concentrations in spring or summer (Agbeti & Smol ) . Pieters & Lawrence () found that the electrical conductivity in shallow lakes was between 1.7 and 2.7 times higher in winter than in summer, and that more than 97% of the salt in shallow lakes was discharged from congelation ice during winter.
Indirect impacts of seasonal ice on sediment
As a result of the considerable nutrient accumulation during winter, nutrient concentrations in sediment are high. The residues form a thick biofouling layer during the ice growing period that causes the lake floor to rise at a rate of between 6 and 9 mm annually. The water velocity and hydrodynamics decrease in shallow lakes because of an abundance of aquatic plants and the ice cover, the combination of which could induce stable sedimentation in winter. High nutrient concentrations in sediment will accelerate nutrient diffusion into the water body during the melt season (Boynton & (Hu et al. ) . It seems that the ice season will shorten as a result of climate warming, thereby providing a solution to the oxygen deficit problem. Climate warming, however, may increase nutrient availability from sediment, prolong the growth period of emerged plants, and enhance evaporation from the water surface during summer (Adrian et al. ), all of which will accelerate the process of swamping in shallow lakes such as Ulansuhai.
CONCLUSIONS
Our results indicate that the impacts of ice in frozen lakes cannot be ignored. During the freezing period, most nutrients are eliminated from the ice and are concentrated in the water below the ice in Ulansuhai Lake. There was no agricultural drainage input in winter, but nutrient concentrations were stable and high in the liquid phase as the ice formed. This information about water quality and nutrient concentrations during the ice season provides us with a new insight into how the lake functions and should provide new methods to control eutrophication. It is clear that the treatment of the whole lake should focus on improving the quality of the water under the ice.
Comparison of the nutrient concentrations before and after freezing showed that the TN and TP concentrations of most of the water samples were between two and five times higher, and between two and eight times higher, after freezing than before, respectively. As the depth increased, the TN and TP concentration profiles in the ice were C-shaped, and the nutrient concentrations in the middle of the ice were lower than at the bottom and the surface. At a few sites, the profiles were I-shaped, with no vertical variability. The vertical concentration profiles were similar as trends of ice structure characteristics. The presence of the ice promotes increased N and P concentrations in water and sediment.
Future studies will include laboratory experiments of the capture and rejection of nutrients in growing ice, and more winter sampling of nutrients and other impurities in the ice and water. We will also pay more attention to the vertical distribution of nutrients in the water beneath the ice.
